This study systematically compares the effects of amphiphilic diblock copolymer (di-BCP) on stabilizing hydrophobic drug nanoparticles formed by flash nanoprecipitation (FNP), and provides a guideline on choosing suitable di-BCPs. Four widely used di-BCPs, i.e., polystyrene-block-poly(ethylene glycol) (PS-b-PEG), polycaprolactone-block-poly(ethylene glycol) (PCL-b-PEG), polylactide-block-poly(ethylene glycol) (PLA-b-PEG), and poly(lactic-co-glycolic acid) (PLGA-b-PEG), and b-carotene as a model drug were used.
Introduction
Nearly 40% of all new candidates of active pharmaceutical ingredients (API) are hydrophobic, making them difficult to be administrated and circulate in the body for clinic evaluations [1] . Nano-carriers with a diameter of 50e400 nm are able to overcome it to carry anticancer agents through a blood stream, and even target tumors by the enhanced permeation and retention (EPR) effect during the vivo circulation. Different kinds of drug carrier systems have been engineered to fulfill these demands, such as micelles, liposomes, polymersomes, and nanoemulsions. Except for nanoparticles (or called as nanosuspensions of particles) [2e4], however, drug loading capacities of these systems are all low (typically <20% [5e7]) and limited by the solubility of the drug in the hydrophobic moieties of the surfactant or the excipient polymer [8] . In order to be able to load more drugs, the larger size of the hydrophobic moiety is desired, and the surfactants need a longer time to relax and to reach their thermodynamic equilibrium. Therefore, producing these carriers typically needs a long processing time, typically a few hours to weeks [9, 10] . However, nanoparticles are kinetically stable rather than in a thermodynamic equilibrium state [11e13] . The loading capacity is not limited by the solubility, ideally varying up to 100% of pure drugs and depending on different processing. The processing time is also able to be significantly shortened.
Solvent shifting, also called the Ouzo process, is one of the ways to generate the drug nanoparticles, where solvent and anti-solvent are mixed together. The solvent shifts away from the solutes to its miscible anti-solvent. While, the anti-solvent shifts in. The solutes are supersaturated, and thereafter precipitate out in the liquid mixture. (See Fig. 1d ) The solid particles thus formed. A novel technique, flash nanoprecipitation (FNP), has been presented in this sense to effectively produce drug nanoparticles with the size below 100 nm [11e17] . In this technique (Fig. 1) , a highly hydrophobic drug is dissolved along with a block copolymer in a water miscible organic solvent. This solution is injected into a small chamber at a high velocity along with an anti-solvent, typically water. The high injection velocity generates turbulent mixing, causing the hydrophobic drug and polymer to precipitate very rapidly, forming nanometer scale particles. The block copolymer is amphiphilic. Typically a hydrophilic poly(ethylene glycol) (PEG) block is chemically linked to a hydrophobic block. The hydrophobic block precipitates with the drug, arresting particle growth, while the pendant PEG blocks cover or patch the particle surface against aggregation. This process is continuous and can be readily scaled up to a large volume production as well. The promising FNP therefore has been applied to generate either organic drug or inorganic imagining nanoparticles.
So far, amphiphilic block copolymers (BCPs) have been used, either premade [13,17e19] or in-situ formed by rapid coupling reactions during the mixing [12, 13] . Some instability issues of generated nanoparticles also occurred in past studies [12, 13, 20] . However, very few papers [13, 21] have studied factors controlling the stability of BCP protected nanoparticles formed by FNP, which indeed is practically critical for manufacturing, storage, and drug therapies. Moreover, to the best of my knowledge, no study has been done to systematically compare the effects of the different amphiphilic BCPs in FNP. In this study, four widely used amphiphilic BCPs (Scheme 1), polystyrene-block-poly(ethylene glycol) (PS-b-PEG), polycaprolactone-block-poly(ethylene glycol) (PCL-b-PEG), polylactide-block-poly(ethylene glycol) (PLA-b-PEG), and poly(lactic-co-glycolic acid) (PLGA-b-PEG), are used to explore effects of the BCPs on the particle formation and stabilities. b-carotene, a precursor of vitamin A and listed in the U.S. National Cancer Institute drug dictionary, was used as a model drug, because it is highly hydrophobic (logP ¼ 15.5, ACD model by ACDLabs). It ensured that the nanoparticles were relatively stable in term of recrystallization and Ostwald ripening. Moreover, the understanding of the physical process of nanoparticle formation by FNP is still very limited since of the small time scale (< w 10 ms) [13, 16, 22] and space scale (1 À 10 nm) [12, 13, 16] . There have been some debates about the structures of a particle formed by FNP. Johnson et al. [17, 18] proposed a micellar structure. BCPs arrested the growth of the drug core by a micellization process (or self assembly) and BCP chains were in thermodynamic equilibrium well aligning on the particle surface like a micelle did. Zhu et al. [12, 13] proposed a non-equilibrium packing structure of BCP chains, which randomly packed and coprecipitated with drug molecules to form a particle. Some untapped PEG pointed out to form a hydrophilic surface. This study will show evidence supports the nanoparticles with kinetically frozen and non-equilibrium packing structures of the BCP chains, which are neither a micelle nor a micellar particle with two well segregated blocks. The thermodynamic effects of the drug and BCP on the particle stability, size and structures will also be discussed. ; denoted as mPEG(5k)-OH) was purchased from Aldrich. mPEG-OH was dried by azeotropic distillation with toluene at atmospheric pressure.
Polymer syntheses
The molecular weights of the amphiphilic BCPs are summarized in Table 1 . PS(2k)-b-PEG(5k) was synthesized by coupling equal molar PS(2k)-COCl with Fig. 1 . Schematic of confined vortex mixer and vortex mixing to form amphiphilic diblock copolymer-protected nanoparticles (particle structures in 2D view of a cross section); Note: the nanoparticle structure in e does not indicate a real number and size of the clusters and a real evenness of three chemical components, which can vary in specific cases.
PEG(5k)-NH 2 in THF in the presence of a slight excess of equivalent TEA. The coupling conversion was determined to be >90% by gel permeation chromatography (GPC). Considering that the PS(2k)-COCl functionality was 0.75, the product included about 70% of PS-b-PEG, 10% of PS, and 20% of PEG [23] .
PCL(12k)-b-PEG(5k) (Mw=Mn ¼ 1.19 by GPC) was synthesized by coupling acid chloride terminated PCL (PCL-COCl) with dihydroxy-terminated PEG (HO-PEG(5k)-OH). PCL-COCl was converted from carboxylic acid terminated PCL (PCL-COOH), which was synthesized by initiating ε-caprolactone by octanoic acid with camphor sulfonic acid as a catalyst and then was fractionated into different molecular weight in THF/methanol cosolvent [24] . Mn was determined by NMR.
PLA(10k)-b-PEG(5k) was synthesized by the ring opening polymerization of (D, L)-lactide with mPEG(5k)-OH as the initiator and DBU as the catalyst in chloroform at room temperature. Mn was determined by NMR, and Mw=Mn by GPC as 1.05 [25] . Since (D, L)-lactide is a racemic mixture, the resultant P(DL)LA is amorphous. PLGA(5k, 10k, 15k)-b-PEG(5k)s were synthesized by the ring opening polymerization of (D, L)-lactide and glycolide with mPEG(5k)-OH as the initiator and DBU as the catalyst in dichloromethane at room temperature [25] . Mn's of PLGA(5k, 10k, 15k)-b-PEG(5k)s were determined by NMR, and Mw=Mn's were determined by GPC as 1.06, 1.08, and 1.13, respectively. PLGA(10k)-b-PEG(2k) was synthesized by the ring opening polymerization of (D, L)-lactide and glycolide with mPEG(2k)-OH as the initiator and Tin(II) 2-ethylhexanoate as the catalyst in bulk at 150 C. The obtained product was diluted in THF, dialyzed (Spectra/Pro 7 RC, molecular weight cut off (MWCO) of 1000) with CH 3 OH for two days to remove unreacted monomers, and then concentrated under vacuum. Mn of PLGA(10k)-b-PEG(2k) was determined by NMR, and Mw=Mn was determined by GPC as 1.46. All PLGA 50:50 blocks used in this study comprised 50% of lactic acid and 50% of glycolic acid confirmed by NMR, and were amorphous.
Particle preparation
The confined vortex mixer used for FNP process is illustrated in Fig. 1 and described by Liu and Zhu et al. [11, 14] . Typically two of the mixer inlets were connected to two gas-tight plastic syringes (60 mL, Kendall Monojet) via Teflon tubing, 1.6 mm ID. Each plastic syringe contained 45 mL of water, and was driven by an infusion syringe pump (Harvard Apparatus, model 945). The other two inlets were connected to two gas-tight glass syringes (10 mL, SGE) via Teflon tubing. One of the syringes contained 5 mL of a 1 wt% of b-carotene and 1 wt% of BCP THF solution, the other contained 5 mL of pure THF. The two glass syringes were driven by a second infusion syringe pump (Harvard Apparatus, PHD 2000 programmable). The pumps propel the four streams at high velocity into the small mix chamber, generating high turbulence. Complete dimensions and evaluation of mixing performance using competitive reactions with small molecule were given by Liu et al. [14] .
For most experiments, the flow rates were 120 mL/min for each plastic syringe, and 13.3 mL/min for each glass syringes. From these flow rates, a Reynolds number, Re, of 2976 was calculated, using the relation reported by Liu et al. [14] as
where r i is the density of the ith component, Q i is the flow rate of the ith component, The mean Re for each stream is 744, which has the same definition with the work in Johnson [16] and Zhu [12] 's work. The outlet of the mixer was connected via a Teflon tubing to a beaker, where the nanosuspensions were collected. The total injection time was about 23 s. It should be noted that in Liu [14] and Zhu [11] 's work the diameter of the chamber (6.0 Â 10 À3 m) was used for D i , and the density and viscosity of the mixture in the chamber were used as r i and h i . Therefore, 3000 of Re in this study by using Equation (1) corresponds to about 18,000 with Liu's calculation [14] .
Characterization
All samples were analyzed in the mixing liquid, water with 10 vol% of THF, and also with 1 wt% of NaCl added to this THF/water solution. Salt was used to test the electrostatic stability of particles; 1 wt% was chosen because it is similar to the ion concentration in body fluids. Particle size and distribution were Scheme 1. Structures of a) b-carotene, b1e4) amphiphilic diblock copolymers.
Table 1
Characterizations of amphiphilic BCPs. determined by dynamic light scattering (DLS) using a ZetaPALS (Brookhaven Instruments, diode laser BI-DPSS wavelength of 659 nm, round cuvette). The light intensity correlation function was collected at 25 C and a scattering angle of 90 . The correlation function is a combination of the diffusion coefficient, D Diff i , of each particle which is converted into the particle diameter, d i , with the StokeseEinstein equation:
where k b is the Boltzmann constant. Correlation functions were downloaded from the ZetaPALS and fit using the regularized positive exponential sum (REPES) model. REPES yields a series of discrete particle diameters to represent the particle size distribution. We have found it more accurate than the cumulant model used in most commercial instruments, especially for bimodal or multimodal samples. The free software, GENDIST from Jakes, was used to solve the REPES algorithm [26] , and provided the size in an intensity distribution. The intensity averaged particle size, d I , is defined as:
where n i is the number of particles with a diameter of d i . The mass average diameter, dm, is more practically useful than the usual intensity average for estimating drug loading and availability. It is defined as:
where m i is the mass of a particle with a diameter d i . It should be noted that particle sizes within a 3-fold difference can not be distinguished by our DLS. Thus peaks separated by smaller than 3-fold will be merged and appear as a single broad peak [13] . span is defined to describe a polydispersity by
where d 10 , d 50 , and d 90 are diameters at which the cumulative mass of the particles is under 10%, 50%, and 90%, respectively. A uniform sample will have span of zero. Larger span, broader the size distribution. An electrode (model SR-259) with a square cell was used with the ZetaPALS for zeta potential (z) measurements. Smoluchowski's model was used for the samples in 1 wt% of saline, and Huckel's model for the samples without saline.
To test reproducibility of the mixing and subsequent DLS and zeta potential measurements as shown in our previous work [11] , four individual runs were performed by mixing 1 wt% of b-carotene THF solution with water at Re of 744. The measurements gave dm AE s ¼ 85 AE 7 nm and z ¼ À19.2 AE 3.4 mV. Thus systematic errors including mixing and measurement were expected to be within AE10% for dm and within AE4 mV for z [11] .
Cryogenic transmission electron microscopy (cryo-TEM) specimens were prepared in a controlled environment vitrification system (CEVS) maintained at 30 C and 100% relative humidity. They were vitrified in liquid ethane at its freezing point, and transferred into an FEI T12 G 2 TEM by a Gatan 626 cryo-holder and its "workstation". Images of the specimens, kept at about À170 C, were recorded at 120 kV acceleration voltage by a Gatan US1000 cooled CCD camera.
To prepare samples for scanning electron microscopy (SEM) a glass Pasteur pipette was first filled with a small amount of nanosuspension, and then emptied, leaving minute droplets inside the pipette. These were then aspirated onto a silica wafer that had been washed with HPLC grade THF and water [11e13]. After evaporation of solvent at room temperature, the sample was sputter coated with a 30 Å layer of platinum and imaged with a JEOL 6500 SEM.
X-ray diffraction (XRD) patterns of the particles were collected using a Bruker-AXS micro-diffractometer with a 2.2 kW sealed Cu X-ray source. Wet powder samples of nanoparticles were prepared via centrifugal filtration (YM-100, Microcon with a membrane cut-off of 100 kDa equivalent to 8 nm pore size), and measured within 4 h.
Results and discussion

Turbulent mixing and FNP
In order to know the flow rate required for producing sufficient mixing, this study measured d m produced at several Re's. As shown in Fig. 2 , there is a transition for d m at Re near 450 (the mean Re ¼ 112 for the single jet), which was also observed in other impingement mixing systems typically at Re between 100 and 600 for the mean Re for a single jet [16, 27, 28] . This transition was considered as a change from a laminar behavior to a more chaotic or turbulent-like behavior [16] , which had been shown by using computer simulations and flow visualization. At a lower limit of Re, H 2 O phase sheared the b-carotene/THF domains into a much larger characteristic diffusion length, l, (or Kolmogorov scale length) as shown in Equation (6) and Fig. 1c .
The larger diffusion length required a longer time for THF to shift away these domains by molecular diffusion. These domains (or bcarotene particles) therefore stayed deformable with a longer time, providing them more chances to agglomerate back into a larger size. Beyond this transition, as reported by many studies, no further improvement of mixing quality was observed [16] . Johnson et al. attributed this to the insensitivity of the mixing probes, and instead found the mixing quality steadily improved by employing two comparative chemical reactions without phase separation [16] . In this study, at Re greater than w450 (w3000 in Ref. [11] with Liu's definition of Re [14] ), d m approached an asymptotic value of w90 nm. However, as Re increased, span decreased and the size distribution turned narrower. Re higher than w950 gave a slow decrease of size distribution. It demonstrated that increasing Re had effects on the mixing quality. As expected, further increasing Re reduced l and thus the time difference to build b-carotene supersaturation between the THF/H 2 O interface and the middle of the bcarotene/THF domain. The particle generated and grew with a more uniform rate, and therefore the size was narrower. However, d m was almost independent on Re beyond the transition. The reason may come from that the difference of b-carotene supersaturation between the interface and middle of the b-carotene/THF domain is not significant enough, so as the asymptotic value of d m is dominantly controlled by the overall supersaturation of b-carotene in the 9H 2 O/1THF mixture.
Stability of b-carotene nanoparticles
Three causes can induce the nanoparticle instability, i.e., the 1) aggregation absent of sufficient surface protection such as static and steric stabilizations, 2) Ostwald ripening driven by the solubility difference between different sized particles by the Kelvin equation, and 3) recrystallization from an amorphous to crystalline state to lower lattice energy. Intrinsic properties of either the stabilizer or the hydrophobic compounds affect the nanoparticle stabilities. For this study, the effect from the hydrophobic compounds was fixed. Because 99.999% of the b-carotene (supersaturation S z 10 5 ) precipitated based on this concentration [11] , the low solubility ensures that the b-carotene nanoparticles are relatively stable in terms of recrystallization and Ostwald ripening, which was also observed by Liu et al. [19] . However, without any stabilizer such as amphiphilic BCPs, they were only stable for few hours [11] by the slightly negative surface charge (z z À20 mV; see Table 2 ).
Based on z, it can be estimated that about 0.4% of b-carotene molecules were charged. The negative surface charge may come from impurities or oxidation [29] . The suspension sedimented on the bottom with the colorless supernatant within one day. When 1 wt% of NaCl was added, it sedimented immediately as well, because the surface charges were neutralized by the salt.
To obtain stable b-carotene nanoparticles, therefore, it is desired to add a stabilizer, such as amphiphilic BCPs in this study, to inhibit the aggregation. Since the precipitation by FNP is extremely fast, the produced nanoparticles are far away from thermodynamic equilibrium. One of the evidence is that b-carotene without any stabilizer was approved highly amorphous rather than crystalline in our previous work [11] . The larger sized BCPs have longer relaxation times than b-carotene does, and therefore their packing structures more tend to be kinetically frozen than reach at a thermodynamic equilibrium like micelles with well segregated two phases of the blocks. The further evidence about the non-equilibrium structures will be given in the following sections.
PS-b-PEG
The study started from PS(2k)-b-PEG(5k) as the stabilizer, since it was commercial available. For the control, nanoparticles of PS(2k)-b-PEG(5k) alone without b-carotene were generated by FNP.
Based on the molecular weight, the radius of gyration (Rg) of an unperturbed linear chain (the molten state) [30] is estimated to be about 4 nm. If particles were micelles, the diameter should be around 15 nm and the size should be uniform with span of zero. However, d m was 40 nm and much larger than the one of micelles. This larger size showed that part of the PEG blocks were also inside the core along with PS blocks beside as the corona outside, because PEG and PS chemically bonded to each other. The similar case with a large average size was also observed by Johnson et al. with 28 nm of PS(1k)-b-PEG(3k) nanoparticles, while based on Rg [30] the micelle diameter should be 11 nm. Moreover, the PS(2k)-b-PEG(5k) nanoparticles had span of 1.08 much larger than zero by DLS, showing non-uniformity. From the cryo-TEM image (Fig. 3a) , the size distribution seemed bimodal. The monomodal size distribution shown by DLS (Fig. 3b) was because of the resolution limitation of the DLS technique mentioned in the characterization part. The bimodal distribution was also observed for the b-carotene nanoparticles themselves. The reason is unclear and the big particles may come from the collision and fusion of the small particles during mixing, when THF had not sufficiently shifted away and the small primary particles were still deformable. The larger size and non-uniform distribution showed that the nanoparticles were not a micellar system in a thermodynamic equilibrium. Indeed, the nanoparticles produced by this extremely fast process were kinetically frozen. In the presence of PS(2k)-b-PEG(5k), the bcarotene nanoparticles were stable as well [23] . As shown in Fig. 3d Fig. 3b ). It made sense that b-carotene provided more supersaturation than PS(2k)-b-PEG(5k) alone, and thus d m increased. From the cryo-TEM image (Fig. 3b) , nanoparticles showed a bimodal size distribution as well. span by DLS was 1.05. It was smaller than b-carotene nanoparticles without PS(2k)-b-PEG(5k) (i.e., 1.53, Fig. 2) , however, showed similar value with PS(2k)-b-PEG(5k) nanoparticles without b-carotene (i.e., 1.08, Fig. 3b ). It seemed that besides Re (Fig. 2) , Span was more controlled by PS(2k)-b-PEG(5k) rather than the supersaturation of b-carotene.
Another molecular weight of PS(10k)-b-PEG(5k) was also used to stabilize b-carotene nanoparticles. As shown in Fig. 4 , the bcarotene particles have d m of 32 nm and showed a bimodal distribution with Span of 0.87. The nanoparticles were stable for at least 10 days either without saline or in 1 wt% of saline (Fig. 4c) . As a control, PS(10k)-b-PEG(5k) nanoparticles without b-carotene was produced by FNP as well. As shown in Table 3 , after adding 1 wt% of saline d m increased from 25 to 30 nm, which was larger than the estimated micelle size. All suggested that the system was not micelles. The size increase must come from the aggregation of the nanoparticles. Part of the surface could be covered by PS rather than PEG, and thus PEG could be partially trapped inside the particle core.
PCL-b-PEG
Since PS-b-PEG had a relatively poor biocompatibility, PCL-b-PEG was then employed, which was widely used for drug delivery system and commercial available as well. As a control, PCL(12k)-b-PEG(5k) alone without b-carotene were generated by FNP.
Compared with the well-dispersed PS(2k)-b-PEG(5k) nanoparticles (Fig. 3a) , PCL(12k)-b-PEG(5k) nanoparticles stuck to each other (Fig. 5a ). DLS showed that d m was 147 nm and span of 3.14 ( Fig. 5b) . The much larger size and broader size distribution came from the aggregation of the nanoparticles (see Fig. 5c ). While, in the presence of b-carotene, the particle size decreased to 42 nm (Table 2) .
Adding salt right after the mixing had very little effect on the particle size. It showed that the b-carotene nanoparticle was sterically stabilized by PCL-b-PEG rather than electrostatically alone without any polymer in Section 3.1.
As shown in Fig. 5c , many smaller primary particles of 10e 20 nm aggregated to form a bigger particles with a loose structures.
These primary particles could be the b-carotene nanoparticles whose growth was inhibited by PCL-b-PEG. However, since PCL had T g of about À60 C, the primary particles were sticky and thus aggregated. Moreover, the produced nanoparticles were very easy 
to recrystallize in the 9H 2 O/1THF mixture, because PCL was crystallizable and deformable (much lower T g than 100 C of noncrystallizable PS). Unfortunately, the nanoparticles were only temporarily stable. After a few hours, as shown in Fig. 5d , the nanoparticle shape changed from relatively spherical to irregular, suggesting crystallization. And the particles started to sediment. XRD results showed that the crystallization came from PCL rather than b-carotene. (See Fig. 10 and Section 3.7) The similar nanoparticle instability in terms of the recrystallization of PCL-b-PEG was observed by Saad [20] as well. In his study, a shishi-kebab morphology (a typical morphology for a semicrystalline polymer) was imaged by TEM but misinterpreted [20] .
PLA-b-PEG
Since PCL-b-PEG protected nanoparticles showed instability due to stickiness with a very low T g (about À60 C) and recrystallization, a noncrystallizable polymer block with a high T g was anticipated to have a good performance to stabilize nanoparticles. A biodegradable and amorphous polymer, PLA (T g z 34 C; see Table 4 ), was thus employed as the hydrophobic block. As anticipated, b-carotene nanoparticles in the presence of PLA-b-PEG did show good dispersity and were fairly spherical (Fig. 6c) . The nanoparticles were also amorphous (Fig. 10, and Section 3.7) . However, the nanoparticles were not very stable against the time. (Fig. 7 (Table 3 ). The particles were stable against the time. However, if 1 wt% of saline was added, DLS showed that d m increased from 20 to 29 nm (Fig. 6b) . Large suspended particles can be visually observed, which had to be larger than 10 mm. Few hours later, sediments can be observed on the bottom. Since this size range was out of the detection limit of DLS, the peak did not appear in Fig. 6b It is well known that PLA-b-PEG micelles have been widely employed as a drug delivery system and are stable under a large ionic strength during vivo circulations. In this study, therefore, the second control experiment was performed to compare the stability of the PLA-b-PEG nanoparticles above with PLA-b-PEG micelles, which were made by adding 10 mL of water drop by drop to 10 mL of PLA-b-PEG (5 mg) THF solution overnight with vigorous stirring. The generated micelle system (THF/H 2 O ¼ 1) was water clear and had d m of 26 nm (see comparison in Table 3 ). After adding 1 wt% of saline, no aggregate was visually observed. The system was water clear with d m of 28 nm and very stable Table 3 Theoretical micelle diameters d micelle of diblock copolymers and experimental nanoparticle diameters dm in 90 mL of H 2 O and 10 mL of THF. f DLS showed a peak at 29 nm. But large suspended particles out of the detection limit can be visually observed, which had to be larger than 10 mm.
g No reference value has been found. But it is expected to be comparable with the value of its analog, PLA(10k)-b-PEG(5k), about 23 nm. over time. This contrast on stability indicated that the surface of the PLA-b-PEG nanoparticles was not sufficiently covered by PEG like its micelles, and rather was replaced partially by PLA. Not like other nanoparticles, herein too much PEG was trapped inside the core and PLA went outside. Table 4 gives the solubility parameters of the employed polymer blocks (d polymer ), and from these parameters the difference between each hydrophilic block with PEG is calculated as jDd PEG j. A smaller jDd PEG j indicates a stronger affinity with PEG [30, 31] . During the precipitation, two adjacent BCP chains came closer, in the PS-b-PEG case the PS block with a large jDd PEG j had a great preference for PS over PEG. In the PLA-b-PEG case, however, the PLA block with a very small jDd PEG j did not have clear preference to either blocks. The affinity of PLA to PEG led that more PEG was trapped by PLA and less the surface was covered by PEG. The nanoparticles were not sterically well protected. More discussions about the thermodynamic effects will be further given in Section 3.8.
PLGA-b-PEG
Considering all effects of the BCP investigated above and summarized in Table 5 , PLGA-b-PEG was then employed. As anticipated, it showed a good performance to stabilize the b-carotene nanoparticles either without or in 1% saline (Table 6 ). SEM images in Fig. 8 showed that the nanoparticles were fairly spherical and well dispersed. The particles had a non-uniform distribution like those in other cases given by DLS. d m did not significantly increase for at least 3 weeks either without or in 1 wt% of saline (see Fig. 9 ).
In order to explore the highest C DL %, defined as mass of drug in nanoparticles/total mass of nanoparticles, the concentration of PLGA(10k)-b-PEG(5k) was decreased from 50, 10, 5 to 2.5 mg/ 100 mL for protecting 50 mg/100 mL of b-carotene. As shown in Table 6 carotene. When less of the organic solvent was used, the supersaturation increased and d m decreased [19] . In this study, it is necessary to make an attempt to explore the polymer effects on d m .
Since PEG with a molecular weight of 5 kg mol À1 is able to be excreted from the body as well as provides sufficient hydrophilicity, a Ref. [37] . b Ref. [38] . c Ref. [39] . d Fit the data in Table 1 from Ref. [40] . e Read the data from Fig. 7 in Ref. [41] . f Calculated with the Hoye method [31] .
as shown in Table 6 , different molecular weights of PLGA(5k, 10k, 
Crystallinity of nanoparticles
In our previous work [11] , b-carotene nanoparticles protected by the water soluble polyelectrolytes by FNP were demonstrated highly amorphous, since THF diffused so rapidly into the water phase that the large b-carotene molecules did not have enough time to align and pack tightly. However, BCPs could be trapped inside the cores rather than only absorb on the particle surface like the polyelectrolytes. In order to verify that b-carotene/BCP interactions do not induce the crystallization of b-carotene, XRD was performed in this study. As shown in Fig. 10 , XRD traces did not show any crystalline peak except for the one in the PCL-b-PEG case, where two crystalline peaks came from the crystalline PCL. For PS-b-PEG protected bcarotene nanoparticles, the amorphous nanoparticles were already confirmed in our previous study [12] . Therefore, all these BCP protected nanoparticles were expected to have a higher dissolution rate and bioavailability than their crystalline counterparts.
Kinetic formation vs. thermodynamic effects
It has been mentioned that the mechanisms of nanoparticle formation by FNP is dominantly a kinetic process which is limited by the time, rather than a dynamic one limited by an overall thermodynamic energy in the micron or larger mixing scale. Much remarkable evidence given above support the non-equilibrium structures of the nanoparticles rather than the micelles, i.e., 1) the non-uniform particle size distribution (Fig. 8) ; 2) larger particle size than the one of equilibrium micelles (Table 3) ; 3) possible increase of particle size after adding saline (Table 3 and Fig. 7 ); 4) much higher drug loading capacity up to at least 83 wt% (Section 3.6). It is also not a micellar structure since of above reasons 1e3 when forming BCP particles without b-carotene. However, thermodynamic effects still play some roles for the particle formation, because b-carotene nanoparticles were able to be protected by the PEG corona, and different BCPs did show different performance to stabilize the nanoparticles in terms of d m (Table 2 ) and the stability against aggregation (instability in Section 3.5 and Fig. 7 for PLA-b-PEG vs. stability in Fig. 4 for PS-b-PEG and Fig. 9 for PLGA-b-PEG).
For this FNP system, there were five components, i.e., b-carotene, hydrophobic blocks, PEG blocks, THF, and H 2 O. It is better to simplify this complicated system to extract the key interactions to facilitate understanding of the particle formation. For the FNP, the local (<10 nm) precipitation was typically completed within 10 ms [22] , the characteristic time should be much shorter than that. This short evolution time determined that only the thermodynamic effects in a very local space were able to play roles for the precipitation. The interactions among molecules which are very close to each other are able to play thermodynamic roles. At the very early stage of the precipitation, b-carotene, hydrophobic blocks, PEG blocks, and THF were in one phase, and THF was shifting to H 2 O. The dominant interactions during precipitation would be among nearby b-carotene molecules, hydrophobic blocks, and PEG blocks. As shown in Table 2 , there was a trend for d m of BCP protected bcarotene nanoparticles, i.e., PS-b-PEG < PCL-b-PEG w PLA-b-PEG < PLGA-b-PEG. This relation was consistent with the trend for the solubility parameter difference between b-carotene and the BCP, jDd b j, i.e., PS < PCL < PLA < PLGA with the studied molecular weight (see Table 4 ). Smaller jDd b j illustrated a greater affinity of the hydrophobic block with b-carotene. PS had more preference than PLGA for precipitating together with b-carotene. b-carotene would be surrounded by more PS than PLGA, which chemically bonded with PEG. Therefore, b-carotene nanoparticles ceased the growth earlier and d m was smaller by using PS-b-PEG than PLGA-b- Table 6 dm and stability of PLGA-b-PEG protected b-carotene nanoparticles against concentration in 90 mL of H 2 Table 5 Summary of nanoparticle stability against physical properties of polymers.
Hydrophobic block PS PCL P(DL)LA PLGA 50:50 PEG. It should be noted that PEG has larger jDd b j than PLGA. PEG was expected to have greater affinity than PLGA. It implied that more PEG was possibly trapped inside the core of the b-carotene nanoparticles protected by PLGA-b-PEG than by the other BCPs. As well, the nanoparticle surface was expected to have more PLGA than PEG. However, since the Hildebrand solubility parameter theory is not suitable to predict the system with hydrogen bonds, d PEG could change after the hydration of PEG which started close to the end of the precipitation. The situation was more complicated. PLGA-b-PEG could be able to precipitate more layers of itself on the surface, but capable to trap or dissolve drug. PLGA went together with inner PLGA, bringing sufficient chemically linked PEG pointing outside as a corona. A drug rich core/PLGA-b-PEG rich shell/PEG corona structure was able to form. Most recent work showed some evidence of the structure, and the work will be demonstrated in a future paper.
Conclusion
In this study, the confined vortex mixer was further evaluated by flash nanoprecipitating b-carotene without amphiphilic BCPs.
Mixing with Re higher than w450 gave a sufficient mixing for asymptotic d m . Further increasing Re still affected the mixing and the particle size distribution narrowed down. Re higher than w950 gave a slow reduction of size distribution. The effects of the amphiphilic BCPs on the particle stabilities were systematically investigated. The study provided a guideline on choosing the suitable amphiphilic BCP for stabilizing hydrophobic drug nanosuspensions. As summarized in Table 5 , PS-b-PEG and biodegradable PLGA-b-PEG showed the best performance to stabilize the b-carotene nanoparticles, since their hydrophobic blocks were noncrystallizable, had relatively high T g , and large difference of the solubility parameters with PEG. The molecular weight of the PLGA block over the range from 5k to 15k showed an insignificant effect on controlling the particle size.
The high drug loading of over 83 wt% was achieved by using PLGA(10k)-b-PEG(5k). All b-carotene nanoparticles were in amorphous and expected to have a higher dissolution rate and bioavailability. Much remarkable evidence supported the nanoparticles with kinetically frozen and non-equilibrium packing structures of the BCP chains rather than the micelles or micellar nanoparticles with two well segregated phases of the blocks by self assembly. The thermodynamic effects of the drug and BCP on the particle stability, size and structures were discussed by using solubility parameters.
